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HIGHLIGHTS 


•  The  magnetic  electrode  has  higher  Cd  and  lower  Rct  than  the  nonmagnetic  electrode. 

•  The  magnetic  field  of  Nd2Fei4B/C  increases  the  oxygen  diffusion/transfer  coefficient. 

•  The  magnetic  interactions  among  magnetic  particles  decrease  PEMFC  performance. 

•  The  carbon  particles  in  Nd2Fei4B/C  decrease  the  cathode  ohmic  polarization  of  PEMFCs. 

•  The  magnetic  field  generated  from  Nd2Fei4B/C  promotes  oxygen  transfer. 
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Nd2Fei4B  and  Nd2Fei4B/C  magnetic  powders  are  prepared  by  the  ball-milling  and  high-temperature 
baking  methods,  respectively.  The  effect  of  the  magnetic  powder  in  the  oxygen  transfer  process  is 
studied  using  the  three-electrode  electrochemical  system,  rotating  disk  glassy  carbon  electrode,  and 
proton  exchange  membrane  fuel  cells  (PEMFCs).  Results  show  that  the  magnetic  electrode  has  higher 
electric  double-layer  capacitance  and  lower  charge-transfer  resistance  than  the  nonmagnetic  electrode  at 
different  Nd2Fei4B/C  load  densities.  In  addition,  the  oxygen  diffusion  coefficient  and  transfer  coefficient 
for  the  magnetic  electrode  are  both  larger  than  the  nonmagnetic  electrode.  At  0.40  mg  cm-2  Nd2Fei4B/C 
load  density  in  the  PEMFC  cathode,  the  magnetic  PEMFC  discharge  current  increases  by  39.874% 
compared  with  the  nonmagnetic  PEMFC  at  0.20  V  discharge  voltage.  The  magnetic  PEMFC  discharge 
performance  at  0.80  mg  cm-2  Nd2Fei4B/C  load  density  is  lower  than  the  magnetic  PEMFC  at  0.40  mg  cm 
~2  load  density.  These  factors  result  in  the  decline  of  magnetic  PEMFC  discharge  performance  at  higher 
Nd2Fei4B/C  load  density,  including  decreased  Pt/C  actual  catalyst  area  and  increased  magnetic  in¬ 
teractions  among  different  magnetic  particles. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Atmospheric  air  is  the  oxidant  in  the  cathode  of  proton  ex¬ 
change  membrane  fuel  cells  (PEMFCs).  However,  unfavorable  fac¬ 
tors  affect  the  use  of  air  as  an  oxidant.  First,  given  that  the  oxygen 
concentration  is  only  21%  in  atmospheric  air,  the  open  circuit  po¬ 
tential  of  single  cell  is  about  10  mV  lower  than  that  at  normal 
pressure  conditions.  Second,  other  ingredients  in  the  air  may 
occupy  certain  catalytic  active  sites  at  the  catalyst  layer  during  the 
air  diffusion  process.  This  condition  inhibits  the  oxygen  reduction 
reaction  (ORR)  at  the  catalyst  surface,  and  leads  to  the  cathode 
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electrochemical  polarization,  thereby  decreasing  the  discharge 
performance  of  PEMFCs  [1]. 

In  the  magnetic  field,  oxygen  and  nitrogen  molecules  have 
different  moving  trajectories.  Oxygen  molecules  move  in  the  di¬ 
rection  of  increased  magnetic  strength  and  magnetic  field  gradient, 
whereas  nitrogen  molecules  move  toward  the  decreased  magnetic 
strength  and  magnetic  field  gradient  direction.  Magnetic  strength 
and  magnetic  field  gradient  increase  as  the  oxygen  molecules  move 
closer  to  the  magnetic  particles.  Therefore,  these  molecules  are 
enriched  near  the  magnetic  particles,  i.e.,  the  oxygen  molecular 
concentration  is  increased  at  the  magnetic  particle  surface  (Fig.  1). 

Cai  et  al.  studied  the  oxygen  enrichment  from  air  in  a  gradient 
magnetic  field  generated  at  the  edge  of  a  permanent  magnet,  and 
found  that  the  oxygen  concentration  increments  was  up  to  0.65% 
when  the  air  flux  was  40,  20  cm3  min-1  into  and  out  of  the 
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Fig.  1.  Oxygen  and  nitrogen  molecule  separation  in  the  magnetic  field,  (a)  North  and 
(b)  south  poles  of  the  magnet. 


magnetic  field  [2].  Aleksandra  Rybak  reported  that  the  oxygen 
concentration  increases  from  21%  to  56%  when  the  air  (atmospheric 
pressure)  flows  through  the  neodymium  powder/ethyl  cellulose 
membrane  with  a  magnetic  strength  of  2.25  mT  [3].  Wang  et  al. 
studied  the  function  of  the  magnetic  force  on  oxygen  transfer 
process  in  PEMFC  catalyst  layer  through  the  numerical  simulation 
method,  and  found  that  the  magnetic  force  generated  from  the 
magnetic  particles  (diameter  5  pm)  affects  the  oxygen  transfer 
process,  increases  the  air  flow  rate  at  the  electrode  interface,  and 
promotes  the  oxygen  molecules  transfer  to  the  catalytic  reaction 
zones  [4]. 

Magnetic  strength  affects  the  oxygen  transfer  rate  in  the 
electrode.  This  paper  first  prepared  the  Nd2Fei4B  magnetic  pow¬ 
der,  and  then  used  the  carbon  coating  to  improve  the  corrosion 
resistance  and  conductivity  properties  of  the  magnetic  particles. 
Finally,  the  effectiveness  of  the  Nd2Fei4B/C  magnetic  powder  on 
the  oxygen  transfer  process  was  tested  through  the  three- 
electrode  electrochemical  system,  the  rotating  disk  electrode, 
and  the  PEMFC. 

2.  Experimental 

2.1.  Nd2Fei4B  and  Nd2FeMB/C  magnetic  powder  preparation 

Nd2Fei4B  magnetic  powder  was  prepared  through  the  ball¬ 
milling  method.  First,  Nd2Fei4B  magnetic  blocks  (10  mm  x  5  mm, 
Tianjin  Davies,  China)  were  demagnetized  on  the  red-hot  surface  at 
the  electric  furnace.  Afterward,  the  blocks  were  broken  into  the 
small  pieces  using  a  hammer  and  ball-milled  at  200  rpm  for  30  h  in 
a  ball  grinding  mill  (ND7,  Tianjin  Nanda  Tianzun,  China).  The  pre¬ 
pared  Nd2Fei4B  powder  was  sieved  by  a  sample  sieve  and  pre¬ 
served  in  anhydrous  ethanol. 

The  prepared  Nd2Fei4B  magnetic  powder  was  placed  into 
1  g  mL-1  starch  solution  and  stirred  for  1  h  at  high-speed.  The 
slurry  was  then  dried  in  the  drying  oven  at  110  °C  to  remove  the 
water.  Under  the  protection  of  nitrogen,  the  black  Nd2Fei4B/C  ma¬ 
terial  was  prepared  in  the  vacuum  microwave  sintering  furnace 
(NJZ4-3B,  Nanjing  Jiequan,  China)  at  1100  °C  for  2  h. 

2.2.  Magnetic  powder  characterization 

The  morphology  was  observed  using  a  scanning  electron  mi¬ 
croscope  (JSM-6360LV,  JEOL,  Japan).  The  XRD  patterns  of  the 
samples  were  obtained  using  an  X-ray  diffractometer  (D/ 
max2400,  Rigaku,  Japan)  with  Cu  Ka  radiation  (0.1542  nm)  in  the 
20  range  of  20°— 70°.  The  magnetic  properties  were  tested  with  a 
vibrating  sample  magnetometer  (JDM-13,  Changchun  Tongzhou, 
China). 

2.3.  Corrosion  resistance  of  Nd2FeMB/C  material  in  0.5  M  H2S04 

Nd2Fei4B  and  Nd2Fei4B/C  materials  were  separately  immersed 
in  50  mL  of  0.5  M  H2S04,  and  the  magnetic  response  was  tested  in 


350  mT  magnetic  field  at  different  times.  Nd2Fei4B/C  and 
Nd2Fei4B  +  C  (Nd2Fei4B:carbon  =  11:7)  materials  were  separately 
loaded  on  the  graphite  electrode,  and  the  load  density  was 
0.80  mg  cm-2.  A  blank  graphite  sheet  was  used  as  the  counter 
electrode.  The  reference  electrode  was  the  saturated  calomel 
electrode  (SCE),  and  the  electrolyte  was  0.5  M  H2S04  with  nitrogen 
saturation.  The  corrosion  potential  and  the  corrosion  current  were 
tested  through  an  electrochemical  workstation  (CHI660C,  Shanghai 
Chenhua,  China). 

2.4.  Electrochemical  experiments  for  oxygen  reduction  reaction 

2.4.1.  Three-electrode  electrochemical  system 

Electrochemical  experiments  were  conducted  in  an  electro¬ 
chemical  workstation.  A  certain  amount  of  Nd2Fei4B/C,  50%  Pt/C 
(Dalian  Sunrise  Power,  China),  and  5%  Nation  (Dupont,  USA)  were 
homogeneously  mixed  by  ultrasonication.  The  homogeneous  so¬ 
lutions  were  loaded  on  the  graphite  sheet  under  a  350  mT  magnetic 
field  and  served  as  the  working  electrode.  Another  blank  graphite 
sheet  served  as  the  counter  electrode,  and  a  saturated  calomel 
electrode  (SCE)  was  used  as  the  reference  electrode.  H2S04  (0.5  M) 
was  used  as  the  electrolyte  under  continuous  air  saturation.  After 
loading  the  magnetic  particles  and  the  Pt/C  catalyst  on  the  working 
electrode,  the  electrode  was  magnetized  in  a  2  T  magnetic  field 
using  a  magnetizing  machine  (TSK-H1540,  Nanjing  Tingjin,  China), 
thereby  obtaining  the  magnetic  electrode.  An  unmagnetized  elec¬ 
trode,  called  the  nonmagnetic  electrode,  was  used  for  comparison. 
The  electrochemical  performance  of  Nd2Fei4B/C  and  its  effect  on 
oxygen  transfer  were  evaluated  in  a  three-electrode  glass  cell 
through  different  measurements,  namely,  CV  with  a  scan  rate  of 
10  mV  s-1 ;  the  Tafel  test  from  1.2  V  to  0.40  V  (vs.  SCE)  at  a  scan  rate 
of  10  mV  s_1;  the  small  triangular  waveform  sweep  from  0.80  V  to 
0.79  V  (vs.  SCE)  at  a  scan  rate  of  100  V  s-1;  the  multi-current  step 
with  successive  steps  of -0.01,  -0.1,  -1,  -10,  and  -100  mA;  and  the 
multi-potential  steps  between  1.0  V  and  0.40  V  (vs.  SCE)  at  a  step 
of  -0.20  V  each. 

2.4.2.  Rotating  disk  glassy  carbon  electrode  experiment 

The  glassy  carbon  electrode  (d  =  3  mm)  was  pretreated  by  5# 
metallographic  sandpaper  and  0.5  pm  of  AI2O3  polishing  powder, 
and  then  washed  two  times  with  distilled  water.  Afterward,  the 
glassy  carbon  electrode  was  immersed  in  methanol  for  ultrasonic 
cleaning.  Finally,  50  cycles  of  CV  scan  was  performed  on  the  glassy 
carbon  electrode  from  -0.20  V  to  1.0  V  (vs.  SCE)  with  the  scan  rate 
of  50  mV  s— 1  in  0.5  M  H2S04. 

The  50%  Pt/C  catalyst  and  Nd2Fei4B/C  powders  load  density 
were  both  0.80  mg  cm'2  in  the  rotating  disk  glassy  carbon  elec¬ 
trode.  The  solution  was  composed  of  5  mg  of  catalyst,  50  pL  of 
Nation,  and  1  mL  of  anhydrous  ethanol.  A  certain  amount  of  the 
solution  was  loaded  on  the  glassy  carbon  electrode  under  350  mT 
magnetic  field,  and  the  electrode  was  then  dried  at  80  °C  for  1  h. 
The  magnetic  rotating  disk  glassy  carbon  electrode  was  obtained 
through  Nd2Fei4B/C  magnetization  under  2  T  magnetic  strength.  A 
platinum  wire  was  used  as  auxiliary  electrode,  SCE  was  used  as 
reference  electrode,  and  the  electrolyte  was  0.5  M  H2S04  with  air 
saturation.  The  test  method  was  the  linear  sweep  voltammetry 
with  the  scan  speed  of  5  mV  s-1  from  1.0  V  to  -0.20  V. 

2.5.  Discharge  performance  of  PEMFC  with  Nd2FeuB/C  in  the 
cathode 

A  certain  amount  of  50%  Pt/C  catalyst,  Nd2Fei4B/C  powder, 
Nation  solution,  and  anhydrous  ethanol  were  mixed  homoge¬ 
neously  by  ultrasonic  vibration.  The  black  ink  was  then  sprayed  on 
the  diffusion  layer  of  the  Toray  carbon  paper  (1x5  cm2).  The  50% 
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Pt/C  load  density  was  0.80  mg  cm-2  in  the  PEMFC  cathode  and 
anode.  The  Nd2Fei4B/C  load  density  was  0.40,  0.80  mg  cm-2  in  the 
PEMFC  cathode.  The  membrane  electrode  assembly  (MEA)  includes 
the  polyester  frame,  anode,  Nafionll35  film  (DuPont,  USA),  cath¬ 
ode,  and  another  polyester  frame.  The  MEA  was  preheated  at  140  °C 
for  60  s  in  the  hot-pressing  machine,  and  then  pressed  for  60  s  at 
10  MPa.  Finally,  the  MEA  was  finished  and  assembled  into  a  single 
cell.  The  discharge  performance  of  the  single  cell  was  tested  using 
the  PEMFC  test  platform  (FCTS-5000,  Sunrise  Power,  China).  The 
hydrogen  and  air  entrance  pressure  were  both  0.11  MPa.  The  hu¬ 
midification  and  PEMFC  operation  temperature  was  70  °C, 
respectively. 

2.6.  Magnetization  process  ofNd2Fei4B/C  particles  on  the  electrode 

The  homogeneous  solution  mixture  of  Nd2Fei4B/C,  5%  Nation, 
and  ethanol  was  loaded  on  the  working  electrode  in  a  300  mT 
magnetic  field.  Thus,  the  magnetic  powder  was  attached  to  the 
working  electrode  surface.  Then,  the  magnetic  powder  was 
magnetized  under  2  T  magnetic  strength.  Fig.  2  shows  the 
magnetization  process  of  the  magnetic  particles.  As  the  magnetic 
particles  were  loaded  on  the  working  electrode,  the  magnetic 
moment  (M)  of  each  magnetic  domain  was  oriented  at  300  mT 
magnetic  field.  Therefore,  the  particle’s  magnetic  poles  were 
polarized  (Fig.  2(b)).  The  high  coercivity  of  the  Nd2Fei4B/C  material 
resulted  in  reversible  movement  of  the  magnetic  domain  walls  at 
300  mT  magnetic  field.  After  the  magnetic  field  was  removed,  the 
magnetic  particles  remained  in  demagnetized  state,  i.e.,  they  do  not 
display  magnetic  property  (Fig.  2(a)),  which  is  the  nonmagnetic 
Nd2Fei4B/C.  With  the  2  T  magnetic  strength  from  the  magnetizing 
machine,  the  aligned  magnetic  particles  were  instantly  magne¬ 
tized;  each  magnetic  domain  wall  was  irreversibly  moved.  The 
magnetic  particle  was  eventually  magnetized  to  saturation 
(Fig.  2(c)  and  (e)).  The  magnetic  moment  (M)  direction  of  Nd2Fei4B/ 
C  particles  depended  on  the  magnetization  direction  (Fig.  2(c)  and 
(e)).  After  the  removal  of  the  external  magnetic  field,  the  magnetic 
materials  retained  their  magnetic  properties  because  of  their  single 
domain  structures,  which  are  the  magnetic  Nd2Fei4B/C  powders 
(Fig.  2(d)  and  (f)). 

3.  Results  and  discussion 

3.1.  Morphological  characterization  ofNd2FeuB  and  Nd2FeMB/C 
magnetic  powders 

Fig.  3  shows  the  images  of  Nd2Fei4B  and  Nd2Fei4B/C  materials. 
The  morphology  of  the  Nd2Fei4B  particles  is  irregular  and  the 


diameter  is  below  1  pm  after  the  ball-milling  process,  as  shown  in 
Fig.  3(a).  Two  kinds  of  particles  have  been  observed  in  Fig.  3(b):  the 
Nd2Fei4B  particles  with  a  diameter  of  200  nm— 300  nm,  and  the 
carbon  particles  with  the  size  of  a  few  nanometers.  The  carbon 
coverage  on  the  Nd2Fei4B  surface  protects  the  Nd2Fei4B  particles 
from  air,  H+,  or  OH-  corrosions  and  preserves  its  magnetic  prop¬ 
erties  in  the  electrolyte  [5-7]. 

3.2.  Nd2FeuB  and  Nd2FeuB/C  magnetic  powder  XRD 

Fig.  4  shows  the  XRD  patterns  of  the  amorphous  carbon, 
Nd2Fei4B,  and  Nd2Fei4B/C  materials.  To  distinguish  the  XRD  curves, 
the  intensity  scale  of  each  sample  was  different.  The  ordinate  of  the 
XRD  spectrum  did  not  mark  the  intensity  scale,  suggesting  the 
samples’  relative  diffraction  intensity.  Fig.  4(b)  shows  the  diffrac¬ 
tion  intensities  in  decreasing,  where  the  diffraction  peaks  at  42.3°, 
37.2°,  43.9°,  39.1°,  33.0°,  and  26.9°  correspond  to  the  (410),  (214), 
(314),  (313),  (311),  and  (212)  crystal  planes  of  the  Nd2Fei4B, 
respectively.  This  result  is  consistent  with  the  tetragonal  Nd2Fei4B 
phase  in  the  JCPDS  77-1404  standard  spectrum.  Fig.  4(c)  shows  the 
Nd2Fei4B/C  XRD  spectrum,  where  the  main  diffraction  peak 
correspond  to  the  (410),  (214),  (314),  and  (313)  crystal  planes  of 
Nd2FeMB  [8]. 

3.3.  Magnetic  properties  of  the  \4d2Fe\4B  and  \4d2Fe\4BlC  particles 

Fig.  5  shows  the  hysteresis  loops  of  the  Nd2Fei4B  and  Nd2Fei4B/C 
materials.  The  coercive  force  and  the  residual  magnetization  of  the 
Nd2Fei4B  material  are  171.42  kA  m-1  and  48.11  Am2  kg-1,  respec¬ 
tively.  The  coercive  force  and  residual  magnetization  of  the 
Nd2Fei4B/C  material  are  146.57  1<A  nrr1  and  25.77  Am2  kg-1, 
respectively.  The  Nd2Fei4B/C  material  has  higher  coercive  force  and 
residual  magnetization  after  the  carbon  coating  process,  and  the 
Nd2Fei4B/C  is  suitable  as  a  magnetic  field  source  [9].  The  magnetic 
strength  of  a  single  magnetic  particle  is  highly  weak;  thus,  the  hall 
probe  of  the  tesla  meter  is  unable  to  detect  its  magnetic  strength. 

3.4.  Corrosion  resistance  of  Nd2FeuB/C  material 

After  Nd2Fei4B/C  was  immersed  in  0.5  M  H2S04  for  a  week, 
several  precipitates  remained  in  the  acid  solution,  which  exhibited 
significant  magnetic  response  in  350  mT  magnetic  field.  However, 
Nd2Fei4B  was  rapidly  dissolved  in  0.5  M  H2S04.  Several  bubbles 
appeared  in  the  acid,  and  the  Nd2Fei4B  powders  completely  dis¬ 
appeared.  Fig.  6  presents  the  relative  corrosion  potential  and 
corrosion  current  of  Nd2Fei4B/C  and  Nd2Fei4B  +  carbon  materials. 
Comparison  of  the  relative  corrosion  potential  showed  that 


Fig.  2.  Magnetization  process  of  Nd2Fei4B/C  magnetic  materials,  (a)  Nonmagnetic  particle;  (b)  nonmagnetic  particle  in  350  mT  magnetic  field;  (c)  magnetizing  magnetic  particle, 
vertical  downward  magnetization  direction;  (d)  magnetization  completed  magnetic  particle,  vertical  downward  magnetization  direction;  (e)  magnetizing  magnetic  particles, 
upward  vertical  magnetization  direction;  (f)  magnetization  completed  magnetic  particle,  upward  vertical  magnetization  direction. 
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Fig.  3.  SEM  images  of  (a)  Nd2Fei4B  and  (b)  Nd2Fei4B/C. 


Nd2Fei4B/C  was  larger  than  the  Nc^Fe^E  +  carbon  material  (Fig.  6). 
Compared  with  the  relative  corrosion  current  in  Fig.  6,  Nd2Fei4B/C 
was  lower  than  Nd2Fei4B  +  carbon  material.  The  results  showed 
that  the  carbon  coating  Nd2Fei4B  material  reduced  the  Nd2Fei4B 
corrosion  rate  in  acid,  and  Nd2Fei4B/C  enhanced  the  Nd2Fei4B 
corrosion  resistance  property  in  acidic  conditions. 

3.5.  Three-electrode  electrochemical  system 

Fig.  7  shows  CV  curves  obtained  with  and  without  Nd2Fei4B/C  in 
the  electrode,  in  which  the  oxygen  reduction  peak  potential  and 
peak  current  are  0.41  V  and  3.36  mA  cm-2  for  the  magnetic  elec¬ 
trode,  respectively,  at  0.80  mg  cm-2  Nd2Fei4B/C  load  density. 
Meanwhile,  the  oxygen  reduction  peak  potential  and  peak  current 
for  the  nonmagnetic  electrode  are  0.38  V  and  1.99  mA  cm-2.  The 
oxygen  peak  current  increased  by  68.8%  for  the  magnetic  electrode 
than  the  nonmagnetic  electrode,  and  the  peak  potential  shifted 
30  mV  toward  the  noble  direction.  Using  Eq.  (1),  the  variations  of 
the  oxygen  reduction  peak  current  are  only  correlated  with  the 
oxygen  concentration  and  oxygen  diffusion  coefficient  in  the  same 
electrochemical  systems  in  a  constant  scan  rate.  The  micro- 
magnetic  field  increases  the  oxygen  bulk  concentration  or  the  ox¬ 
ygen  diffusion  coefficient;  thus,  the  oxygen  transfer  rate  is 
improved  by  the  magnetic  field  generated  from  the  Nd2Fei4B/C 
magnetization.  Similarly,  the  electrochemical  property  of  the 
magnetic  electrode  at  Nd2Fei4B/C  load  density  1.20  mg  cm-2  is 
better  than  that  of  the  nonmagnetic  electrode.  Tatsuhiro  Okada 
found  that  the  ORR  current  increased  with  the  increase  in  the 


magnetic  strength  after  the  permanent  magnet  is  placed  behind 
the  Pt  net  or  the  carbon  paper  with  Pt  catalyst  [10]. 

In  the  irreversible  system  at  25  °C  is 

ip  =  0.4958 FAC*0Dy2(^y\y2  (1) 

where  ip  is  the  reduction  peak  current  in  the  CV  curves;  Cq  is  ox¬ 
ygen  concentration  in  the  bulk  solution;  Do  is  the  oxygen  diffusion 
coefficient;  and  v  is  the  scan  speed. 

Without  Nd2Fei4B/C  in  the  electrode,  the  oxygen  reduction  peak 
potential  and  peak  current  are  0.41  V  and  1.77  mA  cm-2,  respec¬ 
tively  (Fig.  7).  The  oxygen  reduction  peak  current  obtained  at 
0.80  mg  cm-2  Nd2Fei4B/C  load  density  increased  by  89.83% 
compared  with  that  of  the  Pt/C-only  supported  electrode.  The  ox¬ 
ygen  reduction  peak  current  of  the  nonmagnetic  electrode 
increased  by  12.43%  compared  with  that  obtained  without 
Nd2Fei4B/C  in  the  electrode.  These  results  indicate  that  the 
micromagnetic  field  from  the  Nd2Fei4B/C  magnetic  powder  accel¬ 
erates  oxygen  mass  transfer  and  improves  the  ORR  speed.  Given 
that  Nd2Fei4B  is  composed  of  rare  earth  and  transition  metal  ele¬ 
ments,  it  may  play  a  catalytic  role  in  the  oxygen  reduction  process. 
The  transition  metal/porous  carbon  catalyst  has  high  catalytic  ac¬ 
tivity  in  the  ORR  process  [11—13]. 

Compared  with  the  magnetic  electrode  at  different  Nd2Fei4B/C 
load  densities,  the  oxygen  reduction  peak  current  at  Nd2Fei4B/C 
0.80  mg  cm-2  is  greater  than  that  at  1.20  mg  cm-2  (Fig.  7).  This 
result  may  be  attributed  to  two  reasons.  First,  with  increased 
magnetic  powder  load  density,  the  magnetic  field  from  different 
magnetic  particles  interferes  with  each  other,  which  weakens  the 


Fig.  5.  Hysteresis  loops  of  (a)  Nd2Fei4B  and  (b)  Nd2Fei4B/C. 
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Fig.  6.  Corrosion  resistance  of  Nd2Fei4B/C  and  Nd2Fei4B  +  carbon  material.  Scan  rate, 
5  mV  s-1;  electrolyte,  0.5  M  H2S04  with  nitrogen  saturation. 


magnetic  order  of  the  single  magnetic  particles  and  reduces  the 
effectiveness  of  magnetic  field  on  oxygen  transfer  process.  Second, 
the  effective  Pt/C  catalytic  area  decreased  with  the  increase  in 
magnetic  powder  load  density  because  of  the  Nd2Fei4B/C  particle 


Potential  /  V 


Fig.  7.  Cyclic  voltammograms  of  the  nonmagnetic  and  magnetic  electrode  at  different 
Nd2Fei4B/C  load  densities.  Scan  rate,  10  mV  s-1;  electrolyte,  0.5  M  H2S04  with  air 
saturation. 


coverage  on  Pt/C  surface,  which  leads  to  the  decrease  in  the  ORR 
rate.  J.C.  Shi  et  al.  found  that  the  discharge  performance  of  zinc-air 
battery  drops  with  increased  magnetic  powders  in  the  cathode  [14]. 

The  Nd2Fei4B/C  particles  were  magnetized  in  2  T  magnetic  field, 
and  each  magnetic  particle  served  as  a  small  magnet.  The  N  and  S 
pole  directions  of  the  different  magnetic  particles  were  consistent 
with  each  other.  Magnetic  interaction  did  not  exist  among  the 
magnetic  particles  with  Nd2Fei4B/C  load  density  of  0.80  mg  cm-2 
(Fig.  8(a)).  Each  magnetic  particle  could  efficiently  enrich  oxygen. 
When  the  magnetic  powder  load  density  was  large,  such  as 
1.20  mg  cm-2,  the  magnetic  field  overlapped  among  the  different 
magnetic  particles  (Fig.  8(b)).  The  overlapping  magnetic  field  was 
similar  to  the  gradually  approaching  two-strip  magnets  with  the  N 
and  S  poles  opposite  each  other.  The  repulsive  force  gradually 
increased,  indicating  the  existence  of  an  overlapping  magnetic  field 
among  the  different  magnetic  particles.  When  the  oxygen  mole¬ 
cules  were  in  the  superimposed  magnetic  field,  the  magnetic  force 
may  have  been  distorted  by  the  complicated  magnetic  field  so  they 
canceled  out  each  other.  Thereby,  the  oxygen  transfer  effect  was 
reduced  at  high-magnetic  powder  load  density.  The  ORR  current  at 
1.20  mg  cm-2  was  less  than  the  current  at  0.80  mg  cm-2  for  the 
magnetic  Nd2Fei4B/C. 

Comparison  of  the  hydrogen  adsorption/desorption  currents  in 
the  CV  curves  (Fig.  7)  shows  that  the  current  from  the  electrode 
with  Nd2Fei4B/C  is  larger  than  that  from  the  electrode  without 
Nd2Fei4B/C,  which  indicates  that  the  micromagnetic  field  in  the 
magnetic  electrode  increases  the  number  of  active  Pt/C  catalyst 
sites.  This  result  may  be  attributed  to  several  reasons.  First,  the 
magnetic  field  accelerates  the  charge-transfer  process  and  pro¬ 
motes  the  hydrogen  evolution  reaction  at  the  graphite  electrode. 
Second,  magnetic  fields  with  a  certain  intensity  can  improve 
oxidation-desorption  activity  through  magnetic  repulsive  forces 
toward  the  diamagnetic  hydrogen  atoms.  Z.P.  Lu  et  al.  observed  that 
magnetic  fields  promote  the  charge-transfer  process  and  improve 
the  speed  of  hydrogen  evolution  in  the  hydrogen  reduction  reaction 
at  the  iron  electrode  in  acidic  solution  [15].  Third,  Fe-B  structures 
in  the  Nd2Fei4B  crystals  may  function  as  assistant  catalysts  in  the 
hydrogen  electrochemical  reaction  [16].  Thus,  the  hydrogen 
adsorption/oxidation  current  is  larger  in  the  magnetic  and 
nonmagnetic  electrodes  than  in  the  Pt/C  catalyst-only  electrode. 

Fig.  9  shows  the  Tafel  curves  of  the  magnetic  and  nonmagnetic 
electrode.  At  the  same  Nd2Fei4B/C  load  density,  the  relative  equi¬ 
librium  potential  is  higher  for  the  magnetic  electrode  than  the 
nonmagnetic  electrode.  At  the  equilibrium  state,  the  relationship 
between  the  equilibrium  potential  and  the  exchange  current 


(b)  //■;-%  ;:;v/ 


Fig.  8.  Magnetic  field  distribution  at  different  magnetic  powder  load  densities  on  the  electrode,  (a)  Without  and  (b)  with  magnetic  interaction  among  magnetic  particles. 
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Fig.  9.  Tafel  curves  of  the  nonmagnetic  and  magnetic  electrode  at  different  Nd2Fei4B/C 
load  densities.  Scan  rate,  10  mV  s-1;  electrolyte,  0.5  M  H2SO4  with  air  saturation. 

density  is  given  in  Eqs.  (2)  and  (3).  Without  concentration  polari¬ 
zation,  the  micro-magnetic  field  increases  the  oxygen  concentra¬ 
tion  in  the  bulk  solution;  thus,  the  electrochemical  property  of  the 
magnetic  electrode  is  higher  than  that  of  the  nonmagnetic  elec¬ 
trode.  Hiromu  Sakurai  also  reported  that  the  magnetic  field  alters 
the  oxygen  concentration  in  the  aqueous  solution  [17]. 

An  electrochemical  reaction  in  the  equilibrium  state  is  given  by 


performance.  Therefore,  the  equilibrium  potential  of  nonmagnetic 

1.20  mg  cm-2  became  very  low,  whereas  the  equilibrium  potential 
of  magnetic  1.20  mg  cm-2  did  not  significantly  reduce  because  of  its 
magnetic  field  effects  on  oxygen  transfer.  Therefore,  the  A F  value  at 

1.20  mg  cm-2  was  larger  than  that  at  0.80  mg  cm-2  between  the 
magnetic  and  nonmagnetic  electrodes. 

Fig.  10(a),  (b),  and  (c)  shows  the  small  triangular  waveform  scan, 
the  multi-current  step,  and  the  multi-potential  step  curves  of  the 
magnetic  and  nonmagnetic  electrode.  As  shown  in  Fig.  10(a),  the 
electric  double-layer  capacitance  (Cd)  and  the  charge-transfer 
resistance  (Rc t)  are  calculated  according  to  the  Eqs.  (4)  and  (5) 
and  listed  in  Table  1.  As  shown  in  Table  1,  at  0.80  mg  cm-2 
Nd2Fei4B/C  load  density,  Cd  is  larger  and  Rct  is  lower  for  the  mag¬ 
netic  electrode  than  the  nonmagnetic  electrode,  and  reaches  the 
same  result  at  1.20  mg  cm-2  Nd2Fei4B/C  load  density.  The  magnetic 
electrode  with  0.80  mg  cm-2  Nd2Fei4B/C  load  density  has  a  larger 
Cd  and  lower  Rct  than  the  magnetic  electrode  with  1.20  mg  cm-2 
load  density.  The  change  in  Cd  and  Rct  indicates  the  variations  of  the 
related  electrode  reactions  in  the  magnetic  field.  The  electrode 
process  that  was  susceptible  to  the  magnetic  field  includes  the 
electron,  ions,  and  the  paramagnetic  oxygen  transfer  18-20]. 
Under  the  steady  state,  the  oxygen  transfer  speed  is  determined  by 
the  Ra,  the  magnetic  electrode  has  a  smaller  Rc t,  indicating  that  the 
magnetic  Nd2Fei4B/C  promotes  the  oxygen  transfer  process  and  the 
ORR  speeds  up  [21]. 

Cd  =  A h/(2v)  (4) 


O  +  ne  R 

Rct  =  AE/Aj2  (5) 


— 5-(S) 

7  =  ie  =  nFAkfC0(i  =  0) 

where  E  is  the  equilibrium  potential;  E°  is  the  standard  electrode 
potential;  kf  is  the  ORR  constant;  Cq  is  the  oxygen  concentration  in 
the  bulk  solution;  and  i6  is  the  exchange  current  density. 

The  magnetic  electrode  at  0.80  mg  cm-2  has  a  higher  relative 
equilibrium  potential  than  that  at  1.20  mg  cm-2  Nd2Fei4B/C  load 
density.  The  magnetic  interaction  among  different  magnetic  par¬ 
ticles  weakens  the  effectiveness  of  the  magnetic  field  on  the  oxygen 
transfer  process,  which  is  the  reason  for  the  lower  electrochemical 
properties  at  higher  Nd2Fei4B/C  load  density. 

Compared  with  the  equilibrium  potential  difference  (AF)  be¬ 
tween  the  magnetic  and  nonmagnetic  electrodes,  the  AF  at 

1.20  mg  cm-2  was  larger  than  the  AF  at  0.80  mg  cm-2.  At  Nd2Fei4B / 
C  of  1.20  mg  cm-2  in  the  electrode,  the  decrease  in  Pt/C  catalytic 
activity  area  became  the  leading  factor  in  influencing  electrode 


(2) 

(3) 


where  Cd  is  the  electric  double-layer  capacitance;  Rc t  is  the  charge- 
transfer  resistance;  A/i  is  the  current  change  at  the  reversing  po¬ 
tential;  A ]2  is  the  linear  current  change;  v  is  the  potential  scan  rate, 
100  V  s-1;  and  AF  is  the  potential  change. 

Table  1  shows  that  the  magnetic  electrode  had  higher  Cd  and 
lower  Rct  than  the  nonmagnetic  electrode.  The  Cd  value  involved 
the  directional  arrangement  of  hydrogen  ions  and  electrons  at  the 
electric  double  layer.  First,  for  the  magnetic  electrochemical  sys¬ 
tems,  the  magnetic  dipole  moment  of  hydrogen  ions  tended  to 
align  along  the  direction  of  the  magnetic  field  lines,  and  the 
hydrogen  ion  convection  was  enhanced  under  the  Lorentz  force. 
Consequently,  the  directed  hydrogen  ion  concentration  was 
increased  at  the  electrode  interface  [22,23].  Second,  the  dielectric 
constant  of  the  electrolyte  was  enhanced  at  the  electric  double 
layers  because  the  microscopic  structure  of  the  water  molecules 
changed  under  the  magnetic  field  [24].  These  factors  caused  Cd  to 
increase  after  the  magnetization  of  magnetic  particles.  Under 
magnetic  attractions,  the  oxygen  concentration  increased  at  the 
electrode  interface.  Therefore,  the  ORR  rate  accelerated,  which 
caused  Rct  to  decrease  as  magnetic  particles  were  magnetized. 


Fig.  10.  Small  triangular  waveform  linear  scan  (a),  multi-current  steps  (b),  and  multi-potential  steps  (c)  of  the  nonmagnetic  and  magnetic  electrodes  at  different  Nd2Fei4B/C  load 
densities,  (a)  Scan  range,  0.80  V-0.79  V;  scan  rate  100  V  s-1.  (b)  Successive  step,  0.01,  0.1, 1, 10,  and  100  mA;  each  step  is  30  s.  (c)  Successive  step  1.0,  0.8,  0.6,  0.4  V;  each  step  is  30  s. 
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Table  1 

Electric  double-layer  capacitance  and  charge-transfer  resistance  of  the  nonmagnetic 
and  magnetic  electrode  at  different  Nd2Fe14B/C  load  densities. 


0.80  mg  cm  2  Nd2Fei4B/C 

1.20  mg  cm 

"2  Nd2Fe14B/C 

Cd/|i Fcm  2 

RctlQ  cm2 

Cd/pF  cm-2 

RctlQ  cm2 

Nonmagnetic  electrode 

14.73 

2.33 

9.13 

4.28 

Magnetic  electrode 

38.48 

1.53 

13.25 

2.40 

Fig.  10(b)  shows  the  multi-current  step  curve,  where  the  po¬ 
larization  increased  and  the  potential  gradually  decreased  when 
the  polarization  current  increased  from  -0.01  mA  to  -100  mA.  In 
the  same  step  current,  the  polarization  of  the  magnetic  electrode  is 
less  than  that  of  the  nonmagnetic  electrode;  thus,  the  magnetic 
electrode  has  higher  potential.  According  to  the  equivalent  circuit 
of  Fig.  11,  the  relationship  among  the  different  electrode  parameters 
in  the  non-steady  state  is  given  by  Eqs.  (6)— (9).  In  Table  1,  the  Cd  of 
the  magnetic  electrode  increased  by  23.75  pF  cm-2  than  that  of  the 
nonmagnetic  electrode  at  0.80  mg  cm-2  Nd2Fei4B/C  load  density. 
With  the  same  step  current  and  step  time  the  magnetic  electrode 
has  a  larger  Cd  according  to  Eq.  (7),  hence  its  interface  overpotential 
(^interface)  is  smaller.  Meanwhile,  the  ohmic  resistance  overpotential 
(%)  is  a  fixed  value  in  the  same  three-electrode  electrochemical 
system  using  Eq.  (8);  thus,  the  total  overpotential  (77)  is  smaller  for 
the  magnetic  electrode  than  the  nonmagnetic  electrode.  In  Fig.  9, 
the  magnetic  electrode  has  higher  relative  equilibrium  potential 
than  the  nonmagnetic  electrode  using  Eq.  (9);  thus,  the  polarization 
potential  is  higher  for  the  magnetic  electrode.  The  results  further 
show  that  the  magnetic  field  generated  from  the  Nd2Fei4B/C 
magnetic  powder  reduces  the  oxygen  reduction  overpotential  (77), 
and  correspondingly  increases  the  ORR  potential  in  the  same  po¬ 
larization  current. 


O 

5a 

II 

1 

K 

(6) 

?  J  icdt  —  ^(jPImterface 

(7) 

Vr  +  V interface 

(8) 

E equilibrium  +  V  i7!  < 

(9) 

Fig.  10(c)  shows  the  multi-potential  step  curve  at  different 
Nd2Fei4B/C  load  densities,  and  the  potential  step  ranges  from  1.0  V 
to  0.40  V.  The  oxygen  reduction  current  appears  at  E  <  0.80  V.  The 
polarization  current  for  the  magnetic  electrode  is  higher  than  the 
nonmagnetic  electrode  at  Nd2Fei4B/C  load  density  of  0.80  and 
1.20  mg  cm-2.  The  current  sudden  drop  at  the  step  moment  is 
caused  by  the  current  following  properties  toward  the  solution 


resistance  (Ru),  as  shown  in  Eq.  (10).  For  a  certain  potential  step  in 
the  same  three-electrode  electrochemical  system,  the  total  over¬ 
potential  (77)  is  constant.  As  shown  in  Table  1,  the  Cd  at  a  same 
Nd2Fei4B/C  load  density  is  larger  for  the  magnetic  electrode  than 
the  nonmagnetic  electrode.  With  a  same  polarization  time,  for  the 
magnetic  electrode,  according  to  Eq.  (7),  the  interface  overpotential 
(^interface)  is  smaller,  and  the  total  overpotential  (77)  is  constant  in 
the  same  electrochemical  system.  Therefore,  using  Eq.  (8),  the 
ohmic  resistance  overpotential  (rjR)  is  larger  for  the  magnetic 
electrode.  According  to  Eq.  (11 ),  the  magnetic  electrode  in  the  same 
step  potential  has  larger  polarization  current  than  the  nonmagnetic 
electrode. 

t  =  0,  i  =  t]/Ru  10) 

t  =  tl,  i  =  Vr/Ru  (11) 

3.6.  Rotating  disk  electrode  experiment 

Fig.  12  shows  the  polarization  curves  of  the  magnetic  and 
nonmagnetic  electrode  at  0.80  mg  cm-2  Nd2Fei4B/C  load  density. 
As  shown  in  this  figure,  the  ORR  current  at  1.0  V-0.98  V  is  irrele¬ 
vant  to  the  rotation  speed,  and  the  electrode  reaction  is  controlled 
by  the  charge-transfer  process.  When  the  reduction  potential  is 
lower  than  0.98  V,  the  diffusion  current  increases  with  the  increase 
in  rotation  speed,  and  the  electrode  reaction  is  controlled  by  the 
diffusion  process.  According  to  Eqs.  (12)  and  (13),  as  the  rotation 
speed  increases  in  the  same  electrochemical  reaction  system,  the 
diffusion  layer  thickness  decreases.  The  oxygen  transfer  gradient 
increases;  thus,  the  oxygen  diffusion  current  becomes  larger  with 
the  increase  in  rotation  speed  [25,26]. 


8  =  1.61  D^V^w-1/2  (12) 

i  =  b(c*0  -  Cs0)gjV2  (13) 

1/i  =  l/ie  +  (l/BCo)«-1/2  (14) 

B  =  0.62  nF/lD^V1/6  (15) 


where  5  is  the  diffusion  layer  thickness;  Do  is  the  oxygen  diffusion 
coefficient;  v  is  the  electrolyte  viscosity;  co  is  the  rotation  speed;  i  is 
the  polarization  current;  Cgis  the  oxygen  concentration  in  the  bulk 
solution;  is  the  oxygen  concentration  at  the  working  electrode 
interface;  B  is  a  constant;  and  ie  is  the  ORR  current  without  con¬ 
centration  polarization. 

Based  on  the  linear  sweep  voltammetry  curves  in  Fig.  12,  ac¬ 
cording  to  Eq.  (14),  the  Koutecky-Levich  curves  is  obtained  under 
the  magnetic  and  nonmagnetic  conditions,  as  shown  in  Fig.  13. 
Using  Eq.  (16),  the  relative  oxygen  diffusion  coefficient  (Do)  and  the 
average  slope  (/q)  of  the  Koutecky-Levich  curves  at  Nd2Fei4B/C  load 
density  of  0.80  mg  cm-2  are  calculated  and  listed  in  Table  2.  The 
oxygen  diffusion  coefficient  of  the  magnetic  electrode  increased  by 
23.5%  than  the  nonmagnetic  electrode  at  0.80  mg  cm-2  Nd2Fei4B/C 
load  density,  as  shown  in  Table  2. 


Doa/Dob  =  ( kB/kA)3/ 2 


(16) 


Fig.  11.  Electrode  equivalent  circuit  with  the  concentration  polarization.  Where  i,  ic, 
and  if  is  the  polarization  current,  electric  double-layer  charging  current,  and  ORR 
current,  respectively;  Cd,  is  the  electric  double-layer  capacitance;  Rct,  is  the  charge- 
transfer  resistance;  Ru,  is  the  ohmic  resistance;  Zw,  is  the  diffusion  impedance;  rjR,  is 
the  ohmic  overpotential;  interface.  is  the  interface  overpotential;  and  rj,  is  the  total 
overpotential. 


where  /q  is  the  slope  of  the  Koutecky-Levich  curve. 

In  Fig.  13,  the  intercept  of  the  Koutecky-Levich  curves  is  the  ORR 
current  (ie)  without  concentration  polarization.  The  Tafel  curves  are 
obtained  using  Eq.  (17),  as  shown  in  Fig.  14.  The  relationship  be¬ 
tween  the  Tafel  slope  (/q)  and  the  oxygen  transfer  coefficient  (cq)  are 
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Fig.  12.  Linear  scan  voltammograms  with  rotating  disk  electrode  under  nonmagnetic  and  magnetic  conditions,  (a)  Nonmagnetic  electrode;  (b)  magnetic  electrode.  Scan  rate, 
5  mV  s-1;  electrolyte,  0.5  M  H2S04  with  air  saturation. 


-1/2  ,  ..  -1»-1/2  -1/2  .  ,  .  -lv-1/2 

a  I  (rad  s  )  to  I  (rad  s  ) 


Fig.  13.  Koutecky-Levich  curves  with  rotating  disk  electrode  under  nonmagnetic  and  magnetic  conditions,  (a)  Nonmagnetic  electrode;  (b)  magnetic  electrode.  Scan  rate,  5  mV  s  1; 
electrolyte,  0.5  M  H2S04  with  air  saturation. 


given  in  Eq.  (18).  The  relative  values  of  the  oxygen  transfer  coeffi¬ 
cient  (cq)  are  listed  in  Table  3,  according  to  Eq.  (18).  At  0.80  mg  cm-2 
Nd2Fei4B/C  load  density,  the  oxygen  transfer  coefficient  (cq)  of  the 
magnetic  electrode  increased  by  5.9%  than  that  of  the  nonmagnetic 
electrode,  as  shown  in  Table  3. 


lgie  =  -{anF/RT)E  +  {anF/RT)Ee +  \gie 

(17) 

«A/aB  = 

(18) 

where  ie  is  the  ORR  current  without  concentration  polarization;  a\ 
is  the  oxygen  transfer  coefficient;  E  is  the  electrode  potential;  E 6  is 
the  standard  electrode  potential;  i6  is  the  exchange  current  density; 
and  k[  is  the  slope  of  the  Tafel  curve. 

The  results  show  that  the  magnetic  field  generated  from  the 
magnetic  powder  promotes  the  oxygen  transfer  speed  through  the 
magnetic  force  toward  the  paramagnetic  oxygen  molecules. 
Therefore,  the  oxygen  diffusion  coefficient  (Do)  is  larger  for  the 
magnetic  electrode.  Meanwhile,  the  micromagnetic  force  increases 
the  kinetic  energy  of  the  oxygen  molecules,  improving  the  numbers 
of  active  oxygen  molecules,  thereby  increasing  the  transfer  coeffi¬ 
cient  for  the  magnetic  electrode.  Dong-hyo  Kim  reported  that  the 


Table  2 

Oxygen  diffusion  coefficient  of  the  nonmagnetic  and  magnetic  electrodes. 


0.80  mg  cm  2 

Nd2Fei4B/C 

Nonmagnetic 

Magnetic 

Koutecky-Levich  slope,  /q 

-20.24 

-17.58 

Diffusion  coefficient,  D0 

1.000 

1.235 

Increase  in  diffusion  coefficient,  % 

- 

23.5 

magnetic  field  accelerates  the  oxygen  molecules  diffused  to  the 
electrode  interface,  and  improves  the  reaction  rate  of  the  dissolved 
oxygen  [27].  I  Costa  also  reported  that  the  Nd-Fe-B  magnet 
corrosion  rate  is  correlated  with  the  dissolved  oxygen  transfer 
speed  variations  at  the  solution/magnet  interface  in  the  magnetic 
field  [28]. 

3.7.  Nd2FeuB/C  magnetic  powder  application  in  PEMEC 

Fig.  15(a)  and  (b)  shows  the  polarization  and  power  density 
curves  of  the  magnetic  and  nonmagnetic  PEMFC  with  Nd2Fei4B/C  in 
the  cathode.  At  Nd2Fei4B/C  load  density  0.40  and  0.80  mg  cm-2  in 


Fig.  14.  Tafel  curves  under  nonmagnetic  and  magnetic  conditions.  Scan  rate, 
10  mV  s_1;  electrolyte,  0.5  M  H2S04  with  air  saturation. 
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Table  3 

Oxygen  transfer  coefficient  of  the  nonmagnetic  and  magnetic  electrodes. 


0.80  mg  cm-2 

Nd2Fe14B/C 

Nonmagnetic 

Magnetic 

Tafel  slope,  /cj 

-0.02354 

-0.02492 

Transfer  coefficient,  a\ 

1.000 

1.059 

Increase  in  transfer  coefficient,  % 

- 

5.9 

the  cathode,  the  discharge  performance  of  the  magnetic  PEMFC  is 
better  than  that  of  the  nonmagnetic  PEMFC  At  Nd2Fei4B/C  load 
density  of  0.40  mg  cm-2  in  the  PEMFC  cathode,  the  discharge 
current  of  the  magnetic  PEMFC  was  710.67  mA  cm-2  at  0.20  V 
discharge  voltage,  which  increased  by  39.87%  more  than  the 
nonmagnetic  PEMFC  (Table  4).  Okada  et  al.  reported  that  the 
discharge  current  of  the  magnetic  PEMFC  is  600  mA  cm-2  at  0.20  V 
discharge  voltage  after  NdFeB/polyamide  is  loaded  in  PEMFC 
cathode.  The  large  size  of  the  Nd-Fe-B/polyimide  particles  and  its 
insulation  property  constrain  the  magnetic  PEMFC  discharge  per¬ 
formance  [10].  The  results  showed  that  the  discharge  performance 
of  the  PEMFC  can  be  significantly  improved  after  Nd2Fei4B/C 
magnetic  powder  is  loaded  and  magnetized  in  the  PEMFC  cathode. 
In  the  preparation  of  magnetic  PEMFC,  the  experimental  results  are 
expected  to  be  further  improved  through  electrode  structure 
optimization. 

Fig.  16  shows  the  PEMFC  open  circuit  voltage  (OCV)  curves.  Here, 
the  OCV  is  0.936  V  for  the  PEMFC  without  Nd2Fei4B/C  in  the 
cathode,  and  the  magnetic  PEMFC  OCVs  are  0.953  and  0.942  V  at 
Nd2Fei4B/C  load  densities  of  0.40  and  0.80  mg  cm-2,  respectively. 
Comparison  of  the  OCVs  obtained  at  different  Nd2Fei4B/C  load 
densities  in  the  PEMFC  cathode  showed  the  following  pattern:  OCV 
at  0.40  mg  cm-2  >  OCV  at  0.80  mg  cm-2  >  OCV  without  Nd2Fei4B/ 
C.  The  OCV  of  the  magnetic  PEMFC  with  0.40  mg  cm-2  Nd2Fei4B/C 
increased  by  11  mV  compared  with  that  of  the  magnetic  PEMFC 
with  0.80  mg  cm-2  Nd2Fei4B/C  and  by  17  mV  compared  with  that  of 
the  PEMFC  cathode  without  Nd2Fei4B/C.  At  the  same  Nd2Fei4B/C 
load  density,  the  magnetic  PEMFC  OCV  was  higher  by  1  mV 
compared  with  the  OCV  of  the  nonmagnetic  PEMFC.  These  results 
show  that  Nd2Fei4B/C  magnetic  powders  can  increase  cathode 
conductivity  and  accelerate  oxygen  mass  transfer,  thereby 
improving  the  PEMFC  discharge  performance.  At  high  load  den¬ 
sities  of  the  magnetic  powder,  reductions  in  the  number  of  active 
Pt/C  catalyst  sites  and  decreases  in  the  oxygen  transfer  efficiency  in 
the  micromagnetic  field  occur;  thus,  the  PEMFC  discharge  perfor¬ 
mance  deteriorates. 


Table  4 

Comparison  of  the  polarization  current  between  the  nonmagnetic  and  the  magnetic 
PEMFC  with  different  Nd2Fei4B/C  load  densities  at  the  discharge  voltage  of  0.20  V. 


0.40  mg  cm  2 

Nd2Fei4B/C 

0.80  mg  cm-2 
Nd2Fe14B/C 

Without 

Nd2Fei4B/C 

Nonmagnetic  Magnetic 

Nonmagnetic 

Magnetic 

Discharge 
current, 
mA  cm'2 

508.08  710.67 

311.01 

454.67 

205.36 

Increase  in 
discharge 
current,  % 

39.874 

46.191 

Fig.  17  shows  variations  in  the  PEMFC  response  voltage  with  the 
pulse  current.  The  pulse  current  amplitude  differs  according  to  the 
PEMFC  discharge  performance.  As  shown  in  Fig.  17(a)  and  (b),  at  a 
Nd2Fei4B/C  load  density  of  0.40  mg  cnrr2,  the  pulse  current 
amplitude  as  well  as  the  response  voltage  of  the  magnetic  PEMFC 
are  higher  than  those  of  the  nonmagnetic  PEMFC.  The  magnetic 
PEMFC  discharge  voltage  is  0.313  V  at  26  s  duration  and 
720  mA  cm-2  pulse  current.  Similarly,  in  Fig.  17(c)  and  (d),  the 
discharge  performance  of  the  magnetic  PEMFC  is  higher  than  that 
of  the  nonmagnetic  PEMFC.  Fig.  17(d)  shows  the  PEMFC  response 
voltage  obtained  without  Nd2Fei4B/C  in  the  cathode.  Compared 
with  the  magnetic  and  nonmagnetic  PEMFCs,  the  response  voltage 
dropped  quickly  with  increasing  pulse  current  in  the  absence  of 
Nd2Fei4B/C.  The  discharge  voltage  was  0.162  V  at  26  s  duration  and 
140  mA  cm-2  pulse  current.  The  experimental  results  further  show 
that  the  presence  of  a  certain  amount  of  Nd2Fei4B/C  magnetic 
powders  of  the  cathode  can  significantly  improve  the  PEMFC 
discharge  performance. 

In  contrast  of  the  magnetic  PEMFC  discharge  performance  at 
different  Nd2Fei4B/C  load  densities,  the  discharge  performance  at 
0.40  mg  cm-2  load  density  is  better  than  at  0.80  mg  cm-2  load 
density,  which  may  be  attributed  to  several  reasons.  First,  the  car¬ 
bon  particles  in  the  magnetic  materials  enhance  the  cathode  con¬ 
ductivity  at  the  lower  load  density,  thereby,  reducing  the  cathode 
ohmic  polarization.  Second,  more  paramagnetic  oxygen  molecules 
move  to  the  Pt/C  catalyst  surface  under  the  magnetic  attractions; 
thus,  the  discharge  performance  is  enhanced.  When  the  magnetic 
powder  load  density  is  higher,  on  the  one  hand,  the  oxygen  transfer 
channel  blockage  becomes  severe  because  the  Nd2Fei4B/C  particle 
coverage  on  Pt/C  catalytic  site  reduces  the  Pt/C  active  catalytic  area. 
On  the  other  hand,  at  the  higher  Nd2Fei4B/C  load  density,  the 
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Fig.  15.  Polarization  (a)  and  power  density  (b)  curves  of  the  nonmagnetic  and  magnetic  PEMFC  at  different  Nd2Fei4B/C  load  densities  in  the  cathode.  Cell  temperature,  70  °C; 
humidifier  temperature,  70  °C;  hydrogen  and  air  entrance  pressure,  0.11  MPa. 
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Fig.  16.  Open  circuit  voltage  curves  obtained  from  PEMFC  cathodes  with  different 
Nd2Fei4B/C  load  densities  under  magnetic  and  nonmagnetic  conditions.  Cell  temper¬ 
ature,  70  °C;  humidifier  temperature,  70  °C;  hydrogen  and  air  entrance  pressure, 
0.11  MPa. 
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magnetic  interactions  among  different  magnetic  particles  reduce 
the  orderly  magnetic  field  of  the  single  magnetic  particles,  which 
weaken  the  oxygen  transfer  efficiency  in  the  magnetic  field, 
thereby  decreasing  the  magnetic  PEMFC  discharge  performance. 

4.  Conclusions 

The  Nd2Fei4B/C  magnetic  material  plays  a  positive  role  in  the 
ORR  process.  Compared  with  the  nonmagnetic  electrode,  the 
micro-magnetic  field  of  the  magnetic  electrode  increases  the  Cd 
and  decreases  the  Rct  in  the  ORR  process.  The  magnetic  electrode 
polarization  decreases  and  the  oxygen  reduction  potential  in¬ 
creases  in  the  same  polarization  current. 

The  oxygen  diffusion  coefficient  and  transfer  coefficient  both 
increased  for  the  magnetic  electrode.  The  oxygen  transfer  speed 
improves  in  the  micro-magnetic  field  generated  from  the  magnetic 
powders.  The  magnetic  force  improves  the  kinetic  energy  of  the 
oxygen  molecules.  Therefore,  the  ORR  rate  was  higher  in  the 
magnetic  electrode  than  the  nonmagnetic  electrode. 
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Fig.  17.  Response  voltage  curves  and  pulse  currents  obtained  from  PEMFC  cathodes  with  different  Nd2Fei4B/C  load  densities  under  magnetic  and  nonmagnetic  conditions,  (a) 
Nonmagnetic  PEMFC  with  0.40  mg  cm-2  Nd2Fe14B/C  in  the  cathode;  (b)  magnetic  PEMFC  with  0.40  mg  cm-2  Nd2Fei4B/C  in  the  cathode;  (c)  nonmagnetic  PEMFC  with  0.80  mg  cm-2 
Nd2Fei4B/C  in  the  cathode;  (d)  magnetic  PEMFC  with  0.80  mg  cm-2  Nd2Fe14B/C  in  the  cathode;  (e)  no  Nd2Fei4B/C  in  the  PEMFC  cathode.  Cell  temperature,  70  °C;  humidifier 
temperature,  70  °C;  hydrogen  and  air  entrance  pressure,  0.11  MPa. 
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Given  that  the  Nd2Fei4B/C  load  density  is  lower  in  PEMFC 
cathode,  the  carbon  particles  in  Nd2Fei4B/C  magnetic  powder 
enhance  the  cathode  conductivity  and  decrease  the  cathode  ohmic 
polarization.  Meanwhile,  the  micro-magnetic  field  generated  from 
the  magnetic  powder  promotes  the  oxygen  transfer  process;  thus, 
the  discharge  performance  of  the  magnetic  PEMFC  is  better  than 
the  nonmagnetic  electrode. 

When  the  magnetic  powder  load  density  is  higher  in  the  PEMFC 
cathode,  the  oxygen  transfer  channel  blockage  becomes  the 
dominated  factors.  In  addition,  the  ordered  magnetic  field  of  the 
single  particle  is  impaired  by  the  magnetic  force  interactions 
among  different  magnetic  particles.  Therefore,  the  PEMFC 
discharge  performance  decreases  because  of  the  deteriorated  ox¬ 
ygen  transfer  efficiency  in  the  higher  Nd2Fei4B/C  load  density. 
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